Abstract. We investigated the non-uniformity of the residual layer thickness caused by wafer deformation in an experiment that examined different wafer thicknesses using UV-NIL with an element-wise patterned stamp (EPS). Experiments using the EPS were performed on an EVG ® 620-NIL. Severe deformation of the wafer served as an obstacle to the spread of resin drops, which caused non-uniformity of the residual layer thickness. We also simulated the imprint process using a simplified model and finite element method to analyze the non-uniformity.
Introduction
NIL is a low-cost method for fabricating nano-scale patterns as small as 6 nm [1] . In general, NIL can be classified into two types according to the process conditions: thermal NIL and UV-NIL [2] [3] [4] . In UV-NIL, a transparent stamp with nano/micro-scale patterns is pressed onto a thin resin layer or resin droplets. The resin is then cured by exposing it to UV light from above the stamp. After tens of seconds, the stamp is separated from the patterned layer on the substrate. Finally, anisotropic etching is used to transfer the patterns onto the substrate.
In a preliminary study, we proposed a UV-NIL process using an element-wise patterned stamp (EPS) to apply a large-area stamp in UV-NIL in a low vacuum or atmospheric pressure environment for high-throughput [4] . The EPS included channels formed to separate each patterned element and it effectively prevented air entrapment when applied to a large-area UV-NIL. Experiments showed that a nanopattern could be transferred to the wafer successfully using UV-NIL with the EPS.
Non-uniformity of the residual layer thickness, which results from minute deformations in the wafer, is a shortcoming of UV-NIL when using a large-area stamp. The dispensed droplets and channels in the EPS can lead to deformation of the wafer during imprinting. In this study, we investigated the effect of wafer thickness on the minute deformation of the wafer that results in non-uniformity of the residual layer thickness in UV-NIL using an EPS. In numerical experiments, we analyzed the non-uniformity of the residual layer thickness for different wafer thickness. The finite element (FE) method was used to simulate deformation of the wafer [5] . We discuss the results of experiments and numerical simulations.
UV-NIL experiment with EPS
A 5 × 5-in 2 flat stamp was fabricated by defining nanostructures on each element using the e-beam process and etching a quartz plate. In the etching process, a Cr film was used as a hard mask for transferring nanostructures onto the quartz plate. In order to planarize the wafer surfaces and to help achieve separation between the EPS and the cured resin layer, the wafers were spin-coated with an antireflective coating material (Brewer Science DUV30J). A UV-curable resin was dispensed onto each element of the EPS in a drop-by-drop manner to achieve easy airflow out and a thin residual layer. PAK01, which consists mainly of tripropylene glycol diacrylate (TPGDA), was used as a UV-curable resin. The measured viscosity of the resin was 7 cps. The resin was dispensed in five 5-nl droplets per element, using a jet-type dispenser (MicroDrop microdosing system), which can discharge liquid in volumes as small as 30 pl.
The UV-NIL processes were performed on an EVG ® 620-NIL using a 4-in-diameter wafer as the substrate. The experimental conditions were a maximum vacuum pressure of 930 mbar, pressing for 2 min, and exposure to UV light for 90 sec. Figure 1 shows the geometry of the EPS used in the experiments. Each element had an area of 10×10 mm 2 and the channels were 3 mm wide. Wafers between 100 and 500 µm thick were used.
FE simulation of wafer deformation
Solid-fluid coupled phenomena occur at the filling stage of UV-NIL using the EPS. At the filling stage, the EPS is pressed onto a wafer and the UV-curable resin is forced to flow between the wafer and the EPS by capillary force and applied pressure. The resin region between the wafer and the stamp decreases from a micro-scale to a nano-scale. In order to predict the phenomenon accurately, a multi-scale FE model that can analyze solid-fluid coupled phenomena is required. However, such a numerical analysis requires vast computer resources and special numerical techniques.
In this study, we simplified the filling stage in the UV-NIL process as a two-dimensional (2-D) solid structural problem using the appropriate assumptions. In the UV-NIL process, the thickness of the resin layer decreases to less than 100 nm. A very thin layer of liquid with a sub-100 nm thickness flows much like a very viscous sticky fluid. Wafer deformation occurs in a very short time as compared to the spreading time of the resin. We assumed that a dispensed droplet does not spread as a rigid body; this assumption converts the multi-physical problem into a simple solid-structural problem. The 2-D cross-section of an element with a droplet is then considered as an analysis domain and the droplet is located at the center of the element.
We used the standard FE solution, ANSYS, to analyze wafer deformation under various UV-NIL conditions using the EPS. The configuration of the simplified model used for the simulation is shown in Figure 2 . The initial and boundary conditions were as follows: the droplet was assumed to be a rigid semi-sphere with a radius of 75 µm; a vacuum pressure of 930 mbar was applied to the gap between the wafer and the EPS uniformly. The wafer consisted of SiO 2 and its modulus of elasticity and Poisson's ratio were 112.4 GPa and 0.28, respectively. Using a symmetrical condition, the numerical simulation was conducted on half of the domain. 
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Results and Discussion Figure 3 shows nanopatterns transferred onto a wafer using the UV-NIL process with the EPS. Nanopatterns with 50-nm line features were imprinted successfully. The thickness of BARC-DUV30J (Brewer Science) used as a planarization layer plus the thickness of the residual layer equalled approximately 130 nm. Figure 4 shows the results of the UV-NIL process using an EPS with 3-mm-wide channels. The distribution of the residual layer thickness is depicted relative to the thickness of the wafer. For a 500-µm-thick wafer, each element was completely filled with resin and the residual layer thickness uniformity over the element was much better than with thin wafers. We measured several points of the element on a KLA-Tencor Alpha-step IQ surface profiler. The maximum deviation of the residual layer thickness was about 40 nm. By contrast, in wafers measuring 100 to 400 µm thick, the resin was trapped in the cavity created by local deformation of the wafer before it could spread over the entire element. Owing to the deformation of thin wafers, the resin flow over the element was restricted. As shown in Figure 4 , the phenomenon became more pronounced as the wafers became thinner. Figure 5 shows a schematic diagram of wafer deformation in the UV-NIL process using the EPS. Under pressure of 930 mbar, the wafer bends as a result of the channel and in locations where no droplets exist. A severely deformed wafer contacts the embossed element, which produces a closed cavity for the resin. The deformation occurs rapidly as compared to the spreading time of the resin, which strongly depends on the viscosity of the resin and the surface tension between the resin and the solid surfaces. The greater the viscosity of the resin, the more easily the resin is trapped between the stamp and the substrate. The resin also does not spread as much, as the wettability related to the surface tension is reduced.
Using FE numerical simulations, the filling stage phenomenon was investigated. Figure 6 depicts the deformation of a wafer with respect to the thickness from the center to the end of the element. Wafers thicker than 200 µm were deformed without contacting the EPS, while the 100-µm-thick wafers bent markedly until contacting the EPS. The wafers came into contact with the element about 3.5 mm from the center of the element. Severe deformation of the wafers caused incomplete spreading on the element and non-uniformity of the residual layer thickness.
The magnitude of the deformation increased as the thickness of the wafer decreased. The maximum deformation occurred in the 200-µm-thick wafer, not in the 100-µm-thick wafer, because the latter wafer had two bending modes. While the 200-µm-thick wafer contacted the edge of the element, the 100-µm-thick wafer contacted the surface of the element.
We proved that there is an optimal range of substrate thicknesses to avoid severe deformation and confinement of resin and produce conformal contact with the stamp at a specific imprint pressure. The imprint pressure is highly dependent on the initial droplet size and viscosity of the resin.
Conclusion
UV-NIL experiments using an EPS with 3-mm channels were performed on an EVG ® 620-NIL to investigate the non-uniformity of the residual layer thickness. Patterns imprinted on wafers from 100 to 400 µm thick showed a non-uniform distribution of residual layer thickness owing to severe deformation of the wafer, which trapped resin in the gap between the wafer and the EPS. Using a simplified model, a FE simulation was used to analyze the wafer deformation with respect to the wafer thickness. The simulation showed that severe deformation of a thin wafer serves as an obstacle to the spread of resin drops, which causes non-uniformity of the residual layer thickness. These results will be of value in optimizing the process conditions and stamp design parameters for a large-area UV-NIL process using various substrates.
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